Introduction {#Sec1}
============

Understory vegetation is the most diverse part of the boreal forest plant community and contributes significantly to the biogeochemical cycles and plant community structure of forests^[@CR1]--[@CR3]^. Understanding the complex relationship among understory species richness, resource availability, and other abiotic and biotic factors is, therefore, crucial for biodiversity management in disturbance-prone ecosystems such as the boreal forest. Community dynamics in natural boreal ecosystems are largely fire-dependent with several stand-level factors such as species regeneration and recruitment, competition, moisture, light, and nutrient conditions altered in the post-fire ecosystem^[@CR4]^. Changes in the abiotic conditions and forest floor heterogeneity, in particular, nutrient availability and organic matter quality, have been identified as the key factors controlling understory vegetation in post-fire stands; however, the drivers change as stands recover from disturbances^[@CR2]^.

Effects of anthropogenic disturbance such as mining on understory vegetation differ significantly from fire disturbance. In the western boreal region of Canada, disturbances due to resource development, such as oil sands mining, have created a large-scale environmental footprint that is impacting forest regeneration and post-disturbance recovery. Oil sands mining requires removing both the aboveground and belowground material to access the ore. The subsequent reclamation processes involve reconstruction of the belowground system with upland and lowland-based soils salvaged during the mining process. Revegetation usually occurs in reclaimed sites through plantation (mostly conifers), seed in of deciduous trees, and regeneration of understory species either from seed in or from the transferred seed bank.

Propagule availability has been identified as the major source of species diversity in reclaimed sites^[@CR5]^; however, soil properties such as bulk density (BD), texture, cation exchange capacity (CEC), C:N, and pH, and interactions with other species (competition and facilitation) have been shown to be important for the maintenance of species diversity on reclamation soils^[@CR6]--[@CR9]^. Recent studies showed that sites reclaimed with upland derived forest floor cover soils support greater understory species diversity, vegetation cover, and native species than other sites reclaimed with lowland derived peat cover soils^[@CR10]--[@CR12]^. Greater viable seed source, low C:N ratio, current and residual effects of coarse woody debris (CWD), and greater structural complexity were attributed to the diverse understory vegetation in forest floor cover soils^[@CR5],\ [@CR10],\ [@CR12],\ [@CR13]^. Lowland derived organic peat cover soils, on the other hand, have been found to support lower understory species richness and the differences were mainly attributed to the lack of viable upland seed banks, high organic carbon, and poor soil structure^[@CR5],\ [@CR7],\ [@CR9]^.

Dispersal and recruitment mechanism contribute significantly to the development of local species pool in restored and newly reclaimed sites^[@CR14]^. However, a number of recent studies have indicated that arrested succession may hinder and delay the development of targeted late-successional species in reclaimed sites^[@CR15]^. Absence of meta-population and dispersal vectors, soil disturbance, dispersal barriers such as large infrastructure and roads, and synchronous biological events such as heavy seed rain, and species encroachment can all directly or indirectly influence plant community establishment in post-disturbed and newly reclaimed sites^[@CR16]--[@CR19]^. Seed dispersal has been shown to be more important than soil properties and resource availability during early stages colonization in mine reclamation^[@CR20],\ [@CR21]^. Seed bank and natural ingress studies conducted on reclaimed sites confirmed a considerably greater shrub richness on FFMM compared to PMM^[@CR22]^. The lower species richness and very slow rate of increase in plant diversity on PMM may be related more to recruitment limitation than to dispersal limitation^[@CR23]^ and this further necessitates the exploration of other means of enhancing local species pool such as direct plantation, seed and seedling enhancement, vegetative propagation, and animal dispersal on these sites.

Understory species response to soil nutrients also varies between FFMM and PMM. Errington and Pinno^[@CR10]^ showed that fertilization increased total vegetation cover in both FFMM and PMM, but decreased species richness on FFMM and had no significant response on PMM. This suggests a negative effect of nutrients on species richness on FFMM. Since these soils are already favored by greater species diversity, at a higher level of nutrients, only a few nutrient-demanding species would outperform the generalists^[@CR24],\ [@CR25]^. The species richness-nutrient relationship on PMM would be neutral or positive due to less competition and more resources available for fewer species^[@CR10]^.

Since the drivers of understory species richness are interdependent and function in a complex feedback loop, it is often difficult to identify the impacts from a linear or univariate relationship. Several previous reclamation studies tried to disentangle the complex relationships and found variable results indicating a resource dependency, substrate limitations, competition-facilitation, or bivariate associations between these factors^[@CR9],\ [@CR10],\ [@CR12],\ [@CR26]^. A multiple-effect hypothesis, however, has not been used to explain the mechanisms that regulate species richness and its temporal dynamics in the reclaimed systems. Structural Equation Modeling (SEM) has become very useful in identifying such a complex network of interdependent factors and is being used more frequently in ecological studies^[@CR27]^. The key utility of SEM is its strength in confirming a-priori hypotheses and presenting the interrelationships in a graphical manner for better conceptualization of the modes and magnitudes of effects. SEM has also been used in reclamation studies in testing fundamental ecological theories and answering practical operational questions^[@CR26]^. In the current study, we evaluated how the relationships between understory richness and different biotic and abiotic factors change in the two main reclamation soil types three and six growing seasons post-reclamation.

A-priori hypothesis {#Sec2}
-------------------

In the *a-priori* model (Fig. [1](#Fig1){ref-type="fig"}) we hypothesized understory species richness is directly influenced by soil abiotic (bulk density, pH, and moisture), organic (organic matter and nutrients), and vegetation (cover and biomass) factors in different reclamation (FFMM and PMM) and natural soils. The mediation effects of these variables on species richness were also hypothesized through multiple indirect paths. We used the *a-priori* model to answer the following questions: (1) what abiotic and biotic factors drive understory species richness in reclaimed and natural post-fire sites? And (2) how do these relationships change with time since disturbance?Figure 1A-priori path models showing possible multivariate interrelationships between soil and plant factors that influence understory species richness in reclaimed and natural sites in northern Alberta.

Materials and methods {#Sec3}
=====================

Study area {#Sec4}
----------

We conducted this study on oil sands mining sites 75 km north of Fort McMurray, Alberta, Canada, and nearby natural forests. The reclamation site was an overburden dump with a total area of 88.6 ha constructed in 2011 using saline-sodic overburden materials removed during mining which was then capped by approximately 1.5 m of suitable sub-soil and then 0.5 m of selectively salvaged cover soils rich in organic matter. This cover soil was derived from nearby upland forests (Forest floor mineral soil mix, FFMM) or lowland peat bogs (Peat mineral soil mix, PMM). Barley (*Hordeum vulgare*) cover crop was aerially seeded in 2011 on all the soil types and white spruce were planted, deciduous trees (mainly trembling aspen) were allowed to seed in naturally as were understory plants.

Nearby (within 25 km) post-fire (Richardson Fire 2011) stands were used as reference sites to compare soil and vegetation dynamics with those in the reclaimed sites. The natural ecosystem is characterized as a boreal mixedwood forest with characteristic canopy species in the upland areas including pure or mixed stands of trembling aspen (*Populus tremuloides*) and white spruce (*Picea glauca*)^[@CR28]^. The mean growing season temperature in this area is 16.8 °C and precipitation is 470 mm. The main soil type in natural upland sites is Grey Luvisol. The common (15% or more cover) understory vegetation in reclaimed sites were: native forbs such as *Achillea millefolium*, *Aster ciliolatus*, *Chamerion angustifolium*, *Equisetum arvense*, *Fragaria virginiana*, *Rubus pubescens, Rubus idaeus*; non-native forbs such as *Melilotus alba* and *Sonchus arvensis;* native grasses such as *Agropyron trachycaulum*, *Calamagrostis canadensis*, and *Carex siccata*; native woody shrubs such as *Salix bebbiana* and bryophytes such as *Ceratodon purpureus.*

In post-fire sites, the common species were: native forbs such as *Aralia nudicaulis, Chamerion angustifolium, Cornus canadensis*, *Linnaea borealis*, *Petasites palmatus* and *Rubus idaeus*; native shrubs such as *Viburnum edule*, *Alnus viridis* ssp. *crispa,* and *Rosa acicularis*, and bryophytes such as *Polytrichum juniperinum*. The post-fire sites had few to no non-native species.

Sampling design {#Sec5}
---------------

Sampling was done three growing seasons after reclamation, in 2013, and again in 2016 after six growing seasons. Sixteen 20 m × 20 m plots were established on each soil type at the reclaimed site. At each plot, measurements were done in four (4) 1 m × 1 m quadrats. Five post-fire stands were sampled in a similar manner in 2013. However, two fire plots were destroyed in a fire-break clearing in 2015 and six more plots were added in 2016. At each of the 1 m × 1 m quadrats, all vascular and non-vascular plants were identified to species level and vegetation cover was visually estimated to the nearest percent. Plant functional group and their native or non-native status species were also identified and recorded at each quadrat^[@CR10]^. Species nomenclature including the description of growth forms and the designation of nativeness to Alberta follows Moss^[@CR29]^. Biomass samples were collected using a 0.5 × 0.5 m clip plot close to the vegetation quadrats and later oven dried at 60 °C for seven days in the laboratory before taking the final weight measurements.

Soil samples from 0 to 10 cm were collected from all the quadrats. Soils were dried at 60 ± 5 °C and total carbon (TC), total nitrogen (TN), pH and electric conductivity (EC) were determined. TC and TN were measured using the dry combustion method by LECO CN analyzer. TC values were used as a proxy of organic matter (OM) in the statistical models^[@CR37]^. Soil pH and EC were measured in 1:2 (1:5 for PMM) soil solution. Soil temperature and volumetric water content (VWC) were measured monthly using soil thermometer and TDR sensor (Field Scout 300 Soil Moisture Meter, Spectrum Technologies, USA).

Total inorganic nitrogen (TIN), phosphorus (P), potassium (K), sulfur (S), calcium (Ca), and magnesium (Mg) supply rates in soil were measured using the plant-root simulator (PRS) probes, Western Ag Innovations, Saskatoon, SK, Canada). One pair of cation and anion probes were installed in each quadrat and left buried for about 8 weeks (June--July 2014 and 2016). Upon retrieval, probes were cleaned with deionized water and sent back to the analytical laboratory in Saskatoon, Canada (Western Ag Innovations, SK, Canada). Inorganic NO~3~--N and NH~4~--N were determined using automated flow injection analysis. Other nutrients were analyzed using inductively-coupled plasma (ICP) spectrometry.

Statistical analyses {#Sec6}
--------------------

Structural equation modeling (SEM) was used to assess the complex interrelationships between species richness and soil abiotic and organic properties, and understory vegetation properties in different reclamation soils and post-fire sites. SEM is a special format of the generalized linear model where multiple regression relationships are solved simultaneously to examine if a covariance matrix holds true based on a number of causal pathways set a priori. Understory species richness was used as the dependent variable, and the direct and indirect controls of soil and plant variables in different soil types were assessed through multi-group modeling. Vegetation cover and biomass include the sum of the contributions from all growth forms. All the biotic and abiotic factors and their plausible interactive pathways were considered in the initial model. A modified model was constructed by removing non-significant and less influential pathways when the hypothesized full model did not produce adequate fit. Temporal change in interactions was determined using the same model structure in different years. Standardized coefficients were used to compare the magnitude of effects in different years. Chi-square (χ^2^) test was used to assess the fit between predicted and observed covariance matrix. A χ^2^ with *P* \> 0.05 indicates an acceptable model fit with the observed covariance structure. The fitted models were also assessed based on the Bentler's comparative fit index (CFI) and Root mean squared error of approximation (RMSEA). A CFI \> 0.95 and RMSEA \< 0.10 were considered acceptable^[@CR27],\ [@CR30]^. The direct, indirect (mediation), and total (after accounting for both direct and indirect controls) effects of exogenous variables on species richness were also calculated. Since the sampling design of post-fire sites in 2013 was different and had fewer replications, SEM was developed only for the 2016 post-fire data. The SEM was implemented in AMOS 18.0 (Amos Development Corp.).

Mean differences in plant functional groups between soil types were analyzed using a one-way analysis of variance (ANOVA). Multiple group comparisons were performed using the Tukey post hoc test (α = 0.10). Patterns in soil nutrients were analyzed using principal component analysis (PCA). Multivariate differences in nutrients among soil types were analyzed using the multiresponse permutational procedure (MRPP) analysis. Bivariate correlation (Pearson's r) between individual nutrients and ordination scores was also determined to show their interrelationships. Scores of the PCA axes (PCA1 and PCA2) explaining the highest variability were used as a proxy of the relative measure of soil nutrients in the SEM models. The ordination and MRPP analyses were conducted in PC-ORD software^[@CR31]^, and the ANOVA and correlation analyses were conducted in R 3.2.3^[@CR32]^.

Results {#Sec7}
=======

Understory vegetation {#Sec8}
---------------------

Understory species richness was greater on the FFMM than the PMM soils (Table [1](#Tab1){ref-type="table"}). Post-fire sites had greater richness than PMM but did not differ with that on the FFMM sites. Forb cover was the highest among the functional groups in all the soil types. Species richness increased with time in both reclaimed and post-fire sites. Major temporal changes were detected in 2016 for forb and bryophyte cover on PMM (58% and 137% increase, respectively), graminoid and shrub cover on FFMM (153% and 254% increase, respectively) and forb cover in post-fire sites (20% increase) (Table [1](#Tab1){ref-type="table"}). Greater variation (standard deviation) in vegetation and some edaphic factors was also observed in the FFMM sites compared to the PMM and post-fire sites (Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"}).Table 1Species richness and vegetation cover (mean ± std. deviation) in the studied reclaimed and post-fire sites in northern Alberta in 2013 and 2016, 3 and 6 years post-disturbance, respectively.20132016SRBiomass (g m^−2^)Forb (%)Graminoid (%)Shrub (%)Bryophyte (%)SRBiomass (g m^−2^)Forb (%)Graminoid (%)Shrub (%)Bryophyte (%)PMM18.8^a^ (5.89)30.5^a^ (23.5)14.4^a^ (12.9)0.86^a^ (1.33)0.29^a^ (0.44)5.18^a^ (6.26)37.6^a^ (7.04)26.6^a^ (12.3)22.8^a^ (14.0)3.79^a^ (3.54)5.25^a^ (5.89)12.3^a^ (7.48)FFMM28.5^b^ (7.20)83.0^b^ (54.9)45.8^b^ (18.9)7.06^b^ (6.82)2.42^a^ (3.23)6.07^a^ (9.18)45.7^b^ (5.62)69.6^b^ (23.1)39.5^b^ (15.3)17.9^b^ (12.3)8.57^ab^ (7.77)9.08^a^ (11.0)Post-fire25.6^b^ (1.81)49.0^a^ (16.8)48.7^c^ (14.2)3.83^a^ (3.96)7.51b (2.26)9.60^a^ (10.1)40.4^a^ (4.57)63.1^b^ (20.9)38.0^b^ (9.51)3.88^a^ (4.87)12.7^b^ (4.77)6.93^a^ (5.22)Different letters indicate significant difference according to Tukey's test (*P* \< 0.10).*SR* species richness. Table 2Soil properties (mean ± std. deviation) of the studied reclaimed and post-fire sites in northern Alberta in 2013 and 2016, 3 and 6 years post-disturbance, respectively.20132016TCTNpHN~av~P~av~K~av~TCTNpHN~av~P~av~K~av~PMM8.31^a^ (4.13)0.27^a^ (0.15)6.44^a^ (0.93)4.10^a^ (1.39)1.61^a^ (1.54)20.8^a^ (15.0)7.82^a^ (4.10)0.29^a^ (0.21)6.55^ab^ (0.98)2.75^a^ (1.00)0.95^a^ (1.22)32.5^a^ (16.5)FFMM4.42^b^ (2.58)0.19^a^ (0.09)7.20^b^ (0.45)4.34^a^ (1.59)4.48^a^ (5.12)30.1^a^ (18.1)4.82^b^ (2.90)0.23^a^ (0.14)7.16^a^ (0.60)4.22^b^ (1.67)4.87^b^ (2.70)93.9^a^ (124.5)Post-fire1.07^c^ (0.32)0.07^b^ (0.01)5.70^c^ (0.18)4.30^a^ (2.19)22.1^b^ (9.61)305.5^b^ (153.1)1.19^c^ (0.28)0.07^b^ (0.01)5.99^b^ (0.36)3.48^ab^ (1.47)12.5^c^ (6.63)274.5^b^ (119.8)Different letters indicate significant difference according to Tukey's test (*P* \< 0.10).*N*~*av,*~*P*~*av,*~*and K*~*av*~ total inorganic N, P, and K, respectively as measured by the plant root simulator probes (PRS; µg 10 cm^−2^ 8 weeks^−1^); *TC* total carbon; *TN* total nitrogen.

The FFMM sites had greater soil P and K than the PMM sites, but the post-fire sites had greater availability of these nutrients than both FFMM and PMM sites (Table [2](#Tab2){ref-type="table"}). A decline in soil N, P, and K was observed between 2013 and 2016 in the PMM and post-fire sites, but not in the FFMM sites (Table [2](#Tab2){ref-type="table"}). The PCA of soil nutrients produced ordination where axis 1 explained a maximum of 87% variation and axis 2 explained a maximum of 9.5% variation in nutrients (Fig. [2](#Fig2){ref-type="fig"}). The ordination scores of the PCA axis 1 mostly represented variations in soil P, K, S and base cations, and were used in further analyses (except the 2016 post-fire sites where Axis 2 was used) (Table [S1](#MOESM1){ref-type="media"}).Figure 2Principal component analysis showing the distribution of soil macronutrients as measured by PRS probes (µg 10 cm^−2^ 8 weeks^−1^) in oil sands reclaimed and post-fire sites in northern Alberta 3 and 6 years post-disturbance. *VegCov* total vegetation cover, *TN* total nitrogen, *BD* bulk density, *OM* organic matter, *VWC* soil moisture.

Understory species richness on the FFMM sites was positively correlated with soil N but negatively correlated with OM, whereas on the PMM sites, species richness showed a negative correlation with soil N and moisture but a positive correlation with nutrient PCA1 (Table [3](#Tab3){ref-type="table"}). Species richness was also negatively correlated with soil N and PCA1 but positively correlated with OM on the post-fire sites (Table [3](#Tab3){ref-type="table"}).Table 3Bivariate relationship (Pearson's r) between species richness, soil abiotic and organic properties, and understory plant properties in reclaimed and post-fire sites in northern Alberta.FFMMRichnessOMBDVWCN~av~PCA1Veg. cover**Richness**Soil OM**− 0.55**Soil BD0.08**− 0.92**Soil VWC**− **0.28**− **0.250.16N~av~**0.55− **0.290.13**− **0.01PCA10.11**− 0.560.42**0.40**− **0.26Veg. cover0.160.160.120.150.14**− **0.05Biomass**− **0.18**− **0.05**− **0.04**− **0.15**0.39− 0.55**0.29**PMM**RichnessSoil OM0.07Soil BD0.01**− 0.41**Soil VWC**− 0.75− **0.120.04N~av~**− 0.56**0.17**− **0.26**0.49**PCA1**0.48**0.060.13**− 0.51− 0.59**Veg. cover**0.35**0.13**− **0.12**− 0.51− 0.510.31**Biomass**− **0.010.01**− **0.04**− **0.180.20**− **0.07**0.50Post-fire**RichnessSoil OM0.33Soil BD**− **0.09**− **0.33Soil VWC**− **0.28**− **0.15**0**.44N~av~**− 0.44− 0.57**0.490.30PCA1**− 0.84− **0.44**− **0.050.41**0.70**Veg. cover**− 0.58− **0.25**− **0.130.29**0.580.76**Biomass**− **0.200.07**0.73**0.090.120.240.29*OM* organic matter, *BD* bulk density, *VWC* soil moisture, *N*~*av*~ total inorganic N, *PCA1* ordination score of PCA axis 1.

Structural equation models {#Sec9}
--------------------------

A general co-variance structure of the a-priori model (Fig. [1](#Fig1){ref-type="fig"}) could not be met for all the sites (P \< 0.05). However, retaining soil moisture and bulk density as abiotic factors, soil OM and nutrients as organic factors, and vegetation cover and biomass as biotic factors resulted in a significant model fit for all sites.

Species richness on FFMM in 2013 showed a strong interdependency on all the abiotic, biotic, and organic factors (R^2^ = 0.92; Fig. [3](#Fig3){ref-type="fig"}a). Both soil N and nutrient PCA score (PCA1) and plant biomass had strong positive effects while OM, BD, and moisture had negative effects on species richness. A significant total effect on species richness was detected for OM, moisture, macronutrient and N availability, and understory plant biomass, whereas indirect effects of these variables on species richness were mostly non-significant (Table [S1](#MOESM1){ref-type="media"}). The predictive ability of the 2016 model was weaker than the 2013 model (R^2^ = 0.64). Major changes in controllers of species richness in 2016 include a stronger positive effect of N, a weaker negative effect of soil moisture, negative effects of vegetation cover and understory plant biomass, and non-significant contribution of soil BD and PCA1 (Fig. [3](#Fig3){ref-type="fig"}b). Significant total effects were observed only for soil moisture and soil N (Table [S2](#MOESM1){ref-type="media"}).Figure 3Path models (**a**--**e**) showing the effects of soil abiotic, organic, and plant biotic factors on understory species richness in reclaimed and post-fire sites 3 and 6 years post-disturbance. Solid lines indicate significant paths (*P* \< 0.10) and broken lines indicate non-significant paths. No significant relationship was detected in post-fire sites in 2013. *PCA1* ordination score of PCA axis 1, *BD* bulk density.

Species richness on PMM in 2013 was controlled by different factors than on FFMM. An overall R^2^ of 0.45 was achieved using the current model co-variance structure but with fewer significant paths (Fig. [3](#Fig3){ref-type="fig"}c). Soil nutrients (PCA1) and vegetation cover both had significant negative effects on species richness, whereas none of the other direct effects were significant (Table [S3](#MOESM1){ref-type="media"}). Major changes in 2016 were observed through a stronger negative effect of soil nutrients (PCA1) and vegetation cover (Fig. [3](#Fig3){ref-type="fig"}d).

On post-fire sites, no significant relationship was detected between species richness and the biotic and abiotic factors in 2013 (data not shown). However, the SEM revealed significant interrelationships in 2016 through a negative control of OM, positive control of soil moisture, and understory biomass on species richness (Fig. [3](#Fig3){ref-type="fig"}e). A slight modification of the model structure was necessary for the 2016 model as the soil BD data was missing and modification indices suggested a path from macronutrient availability to understory biomass which was considered and may have theoretical merit in the studied system. Significant total effects on species richness were found for OM and soil moisture (Table [S4](#MOESM1){ref-type="media"}).

Discussion {#Sec10}
==========

Understory species richness showed variable responses to biotic and abiotic drivers and these responses differed by soil type. In FFMM and post-fire sites, the strongest effects on species richness were from OM and soil nutrients (including N), whereas on PMM, soil nutrients and vegetation cover were the strongest drivers of species richness. Species richness on FFMM showed a positive response to nutrient availability, especially N while this relationship was negative on PMM. The positive effect of soil N on species richness in the FFMM and post-fire sites corroborates studies conducted in forested ecosystems^[@CR33],\ [@CR34]^ and suggests that a similar mechanism of species diversity maintenance may be at work in the reclaimed sites. A positive relationship between N availability and the abundance of nitrophilic ruderal species in the post-disturbed (e.g., post-fire) sites is very common due to the large flush of nutrients. Total and inorganic N were also found elevated in the sites reclaimed with FFMM compared to the post-fire sites. The positive effect of nutrients on species richness on FFMM may also indicate an influence of heterogeneity-based niche differentiation in different understory species. The variable distribution of forest floor materials (woody debris and LFH layer) and viable seed propagules in the selectively salvaged FFMM soils are the key components of heterogeneity and may have contributed significantly to the observed relationship^[@CR7],\ [@CR35]^.

Very few direct relationships were detected for species richness on PMM suggesting that the resource dynamics in these organic soils are not tightly coupled with vegetation as was found on FFMM. Nitrogen and species richness were not linked in either year on PMM suggesting that understory richness may be related to other nutrients. Significant negative control of nutrient PCA axis (representing P, K, S, and base cations) on species richness independent of vegetation cover may indicate filtering effects on species pool. Similar negative control was reported by Gough and Grace^[@CR36]^ in wetland ecosystems and by Laughlin, et al.^[@CR33]^ in temperate pine ecosystem. Evidence from fertilized peat bogs showed that the effects of N and P availability on species richness are species-specific and often are not related to overall species richness^[@CR37]^. McIntosh, et al.^[@CR38]^ also did not find a significant link between nitrogen availability and understory plant composition in a boreal lodgepole pine-dominated forest and indicated the importance of other belowground drivers such as micronutrient availability and microbial functions. Pinno and Hawkes^[@CR11]^ showed that the changes in soil P availability with stand age post-reclamation were related to total species richness and K availability was better related to non-native species richness. This further points to the importance of stoichiometric constraints on determining the effects of nutrient availability on species richness^[@CR39]^.

Direct control of OM on species richness was negative on FFMM in both measurement years and did not have a significant effect on PMM. In general, soils with high organic matter should have greater nutrient supply and should support better plant growth. However, this may not be related to species richness if OM content is very high, as in the case of PMM (\~ 4 to 12%), and does not have a direct relationship with nutrient availability. Germination strategy and life forms of plants have also been shown to be related to OM and mineral content of soils^[@CR2],\ [@CR40],\ [@CR41]^. Mackenzie and Naeth^[@CR5]^ found that greater mineral fraction and lower organic carbon in FFMM soils favor greater graminoid and ruderal species. A similar observation was also reported by Errington and Pinno^[@CR10]^ where the OM and species richness relationship was negative on FFMM.

The effect of biomass (productivity) on species richness is positive in the FFMM and post-fire sites, although the reciprocal effect (the effect of species richness on biomass) was not significant. Understanding this interaction in young reclaimed sites is critical for biodiversity management. A spatial plant community study in the area indicated a possibility of facilitation among species on FFMM due to harsh environmental conditions compared to PMM where plants showed competition at similar spatial scale^[@CR42]^. This might explain the observed non-significant effect of biomass on species richness on PMM. The positive control of biomass on species richness in post-fire sites corroborates findings from similar studies in boreal mixedwood ecosystems^[@CR43],\ [@CR44]^. Previous studies identified niche complementarity, facilitation, and selection effects are some of the main mechanisms responsible for the positive relationship between species richness, productivity, and ecosystem functions^[@CR44]--[@CR47]^. The combined effect of niche complementarity and facilitation is termed as niche complementarity effect and may operate simultaneously to bring changes in ecosystem functions^[@CR48]^. Stressful post-disturbance conditions such as open canopy structure, less microtopographic heterogeneity, and high competition for resources (e.g., light, moisture, and nutrients) drive communities to share resources and consequently trigger positive complementarity through facilitation^[@CR49]--[@CR53]^. Conversely, less environmental stress (as in the case of PMM) would decrease facilitation as species become able to survive away from competing species and as a result would decrease the overall species diversity^[@CR54]^. Reclamation study by Wang et al.^[@CR55]^ reported a similar observation where they found greater plant biomass, soil nutrients, and microbial activities in plots with high species richness compared to the ones with low species richness and related this to stress-related plant facilitation. Indirect biotic facilitation has also been found in communities with high species diversity where competition among a specific set of species facilitated the survival and growth of other species^[@CR56],\ [@CR57]^.

The greater importance of organic factors such as soil nutrients and OM on species richness in FFMM and post-fire sites further indicate that understory species richness in these sites experiences a strong control from the legacy effects (i.e., past vegetation, seed propagule, and soil properties). These factors are also contributing to processes such as nutrient cycling, microbial activity, moisture availability, and spatial variability of abiotic resources^[@CR12]^. Salvaged topsoils have been shown to be a good source of native seed propagules for reclamation purposes in many temperate, grassland, and alpine ecosystems^[@CR58]--[@CR60]^. The study by Mackenzie and Naeth^[@CR5]^ in oil sands reclaimed sites showed almost 90% of the emergents on FFMM and 60% on PMM were from propagule banks which were found in the upper 10 cm of the cover soils. The same study also looked at species richness immediately after soil placement and found greater species richness on FFMM than PMM (29 species vs 16 species). A 10-year monitoring study on both soil types found significantly greater species richness on FFMM, whereas PMM had greater moss and lichen cover only^[@CR61]^. A similar study by Anyia^[@CR62]^ tested viable propagules in undisturbed natural soil and peat-based soils salvaged for reclamation and confirmed that seed bank alone would not be sufficient to reclaim PMM sites.

The weak association of species richness with OM, nutrients, or soil moisture on PMM (Figs. [3](#Fig3){ref-type="fig"}c,d; [S2](#MOESM1){ref-type="media"}) suggests that local species pool development process is far behind than that on FFMM and natural sites^[@CR10]^. When compared against a wider moisture gradient, pooled species richness (2013 and 2016 together) on PMM, however, showed a strong dependency on moisture (Table [3](#Tab3){ref-type="table"}) which may indicate a high vulnerability of species diversity in these sites to climatic fluctuations (e.g. high temperature and drought conditions) unless a functional water and nutrient cycling mechanism is established^[@CR63]^. The establishment of such functional linkage between vegetation and reconstructed soils may take as many as 25 years based on the recent reclamation studies^[@CR64]--[@CR66]^. The greater inter-annual variability in path mediation (i.e. inconsistency in path significance) on PMM compared to FFMM and natural soils could also be related to the high sensitivity of PMM to abiotic factors. Organic soils tend to have poor thermal conductivity and high thermal inertia that causes quick shifts between wet and dry conditions^[@CR67]^. A recent study by Talon^[@CR68]^ showed that temperature fluctuation on PMM is the greatest within the top 10--15 cm. The open canopy conditions (due to less vegetation cover) on PMM may even aggravate such local variabilities which can be detrimental for seed germination and further development of species pool on these sites.

The temporal changes in driving factors of species richness were observed mainly on FFMM through a stronger negative control from vegetation. This was expected as the changes in vegetation properties were most prominent on FFMM than on PMM. The causal paths linking species richness and other vegetation properties on PMM were similar in both measurement years indicating slower vegetation dynamics on PMM compared to FFMM and natural sites. Pinno and Hawkes^[@CR11]^, however, reported an increase in species richness and forb cover on PMM until year 5 since reclamation. Given the lower relative changes in vegetation properties on PMM compared to FFMM, the effects of temporal changes in individual functional groups were probably masked by the inclusion of total cover and biomass in the SEM models. Further studies should consider analyzing these effects for individual functional groups, especially on PMM.

The findings from this study have several implications for plant biodiversity management on reclaimed sites. Since the understory vegetation community structure differed by reclamation soil types, future reclamation sites could include both reclamation soil types to maximize the diversity of habitats available. For example, sites reclaimed with PMM might generate an understory with higher bryophyte cover while sites reclaimed with FFMM have greater graminoid and forb cover. Pinno and Errington^[@CR23]^ reported a greater establishment of trembling aspen (*Populus tremuloides*) on PMM compared to FFMM. A combination of FFMM and PMM sites may, therefore, create a balance in terms of creating a diverse understory in reclaimed sites. The lower understory species diversity and relatively slow temporal changes in species pool on PMM are concerning and should be addressed using assisted plant propagation and delivery techniques such as seed enhancement, seed packaging plugs and pucks, and planting large and nutrient-loaded seedlings^[@CR69]^. Creating mosaic patches of propagule rich FFMM may also act as a seed source to less diverse PMM sites^[@CR10]^.

The difference in soil nutrients and species richness relationships in the two studied reclamation soils can be used in developing soil-specific fertilization management guidelines to improve species diversity and control competitions in young reclaimed sites. Fertilization in organic matter rich soils (such as PMM) may not be beneficial for promoting overall understory species richness, at least during the initial stage of reclamation, and should be used cautiously for targeted species only. Physical properties of soils (e.g., bulk density and water holding capacity) should be used as a guiding template for controlling species richness when there is texturable mineral fraction (such as in FFMM). Deployment of operational use of reclamation soils may also consider this relationship between species richness and soil physical properties by carefully selecting slope and aspects where water availability during drier seasons would be important for plant survival and maintaining species diversity (e.g., low elevation and southern aspect).

Successful reclamation of disturbed landscapes depends very much on re-establishing plant-soil interactions and local species pools that are most suitable and have the greatest potential on specific sites and soil types^[@CR70]^. The relationships observed in the natural post-fire sites helped to compare and justify the expected interactions in reclaimed sites at a similar temporal scale. Such comparisons can also be used to monitor changes in reclamation sites and to determine reclamation success at later successional stages.

The current study also indicated the use of conceptual causal models to infer understory community assembly mechanisms in heavily-disturbed ecosystems can help with the development of more reliable estimation of causal effect and may generate testable hypotheses on ecological restoration. Although the experimental design of this study was limited by site replication and unexpected changes in plot layout, especially in the post-fire sites, the findings from this research can be used to explain the short-term trend in understory vegetation changes in reclaimed sites and will guide any future research in this area.
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